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Abstract
Activation analysis is used in this work to measure the flux of a fast neutron beamline at
a spallation source over a wide energy spectrum, extending from thermal to hundreds of
MeV.
The experimental method is based on the irradiation of multiple elements and measure-
ments of activation γ-lines using a High Purity Germanium detector.
The method for data analysis is then described in detail, with particular attention to the
evaluation of uncertainties. The reactions have been chosen so to cover the whole energy
range, using mainly (n,γ) for thermal and epithermal neutrons, and threshold reactions
for the fast region. The variety of these reactions allowed for the unfolding of the neu-
tron spectrum, using an algorithm based on a Bayesian statistical model, and limited
correlations have been found between the energy groups.
Keywords: Neutron Spectrum Unfolding, Activation Analysis, Fast Neutrons,
Spallation Sources, Gamma-ray and Neutron Spectroscopy.
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1. Introduction
Spallation sources produce neutrons via the interaction of accelerated high energy pro-
tons, typically in the range of hundreds of MeV to few GeV, with heavy target nuclei [1].
The result is a white neutron spectrum that extends over many orders of magnitude up
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to the energy of the accelerator [2].
The shape of the spectrum on experimental beamlines can be very different according
to the specific design of the source and target station. Some major spallation sources
are dedicated mainly to condense matter physics with cold, thermal or epithermal neu-
rons, and therefore use moderators and reflectors [3, 4, 5]. Other sources are dedicated
to fast neutrons applications and therefore use the direct products of the spallation tar-
get [6, 7, 8]. In this paper we propose the application of a method based on activation foil
measurements and Bayesian unfolding to determine the neutron flux spectrum over this
wide energy range.
The measurements presented in this paper have been performed on ChipIr [9], a new beam-
line of the ISIS spallation source at the Rutherford Appleton Laboratory, UK. The ISIS
synchrotron accelerates 700 MeV or 800 MeV protons that are collided onto a tungsten
target. The measurements presented in this paper have been performed with the acceler-
ator running at 700 MeV. ChipIr is a fast neutron beamline, specifically dedicated to the
irradiation of microelectronics. The case stimulates particular interest because it is the
first time that a fast neutron beamline has been built on a target station specifically de-
signed for thermal neutrons. The case of ChipIr is to be compared with other facilities with
fast neutron targets dedicated to the irradiation of microelectronics, TRIUMF [10, 11],
LANSCE [12], TSL [13, 8], and with the VESUVIO beamline at ISIS [14, 15, 16]. The in-
novation of the proposed method, with respect to what was done on other beamlines, lays
mainly in the large variety of measured reactions, which are used in the unfolding analysis
that, as it will be shown, gives a result with little dependence on the guess spectrum shape.
The method of measurement is extensively discussed in the next section. It is inter-
esting to discuss here the choice of activation foils, a passive method, with respect to
other techniques based on active detectors. This is motivated mainly by the following two
reasons. (1) The ISIS source is pulsed at 10 Hz on the second target station (the target
used by ChipIr) and the pulse has a double structure with two bunches 70 ns wide and
360 ns apart. This complex time structure does not allow for spectroscopy with time of
flight techniques for high energy neutron (En > 10 MeV) [17]. Furthermore, high instan-
taneous fluxes can result in a strong pile-up for many active detectors. Of course a passive
method is not affected by these complications. (2) Flux and spectroscopy measurements
of a neutron field are dependent on detector response functions and cross sections that are
not always well known above 20 MeV. This is true for both active and passive methods,
but the activation foil technique relies directly to cross sections verified at best by the
scientific community rather than to more complex Monte Carlo simulations of response
functions.
However, active detectors will also play an important role for ChipIr. They are needed
for the following purposes. (1) Real time beam monitoring and dosimetry are performed
with solid state detectors (diamond and silicon) and fission chambers [18, 19]. (2) Beam
mapping and profiling is performed with diamond [20] and GEM detectors [21]. (3) Spec-
troscopy with enhanced energy resolution is being investigated using the telescope proton
recoil technique [22].
In this paper the unfolding methodology, based on multi-foil activation data, is pre-
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sented in Section 2. This will be followed, in Section 3, by a description of the experimental
method used at ChipIr, including the irradiation procedure and gamma spectroscopy. Fi-
nally, data analysis and results are presented in Section 4, including a discussion of the
uncertainties that propagate from measurements, cross section data, and a systematic due
to the guess spectrum.
The results of the presented measurements are of interest for the characterization of
new fast neutron beamlines (like ChipIr), but also, more in general, for other beamlines at
spallation sources (thermal or epithermal), and other kind of neutron sources like nuclear
reactors.
2. Methodology
The neutron flux measurement with the neutron activation technique consists of ir-
radiating samples with a known amount of target nuclei (N) and then measuring the
activation rate R, i.e. the number of reactions per unit time that produce a radioisotope
in the sample. The relation between the neutron flux ϕ and the activation rate is:
R = N
∫
ϕ(E)σ(E)dE (1)
where σ(E) is the activation cross section as function of neutron energy.
If the energy spectrum of the neutron flux is well known, the effective cross section σeff
is calculated as follows:
σeff =
∫
ϕ(E)σ(E)dE∫
ϕ(E)dE
and, thus, the neutron flux intensity Φ =
∫
ϕ(E)dE can be calculated from the measure-
ment of only one reaction [23, 24]:
Φ =
R
Nσeff
When the energy spectrum is not known, the neutron flux can be measured combining
the activation data of different reactions. Depending on the cross section, each reaction
is induced in different proportions by neutrons belonging to different parts of the energy
spectrum. The radiative capture (n, γ) reactions, characterized by cross sections with
resonances at different neutron energies, can be used to measure the neutrons in the
thermal and epithermal range. The threshold reactions allow to measure the fast neutrons
with energies &1 MeV. Therefore, by properly choosing the set of activation reactions, a
wide energy range of the neutron flux can be measured. As shown in [25], the neutron
flux spectrum can be evaluated with the following unfolding method.
A proper binning is chosen to subdivide the energy spectrum into n flux groups :
φi ≡
Ei+1∫
Ei
ϕ(E)dE
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For each activation reaction j, Eq. 1 is rewritten as function of the flux groups φi:
Rj = Nj
n∑
i=1
σijφi (2)
where σij is the effective cross section in the energy bin of i-th group.
Eq. 2 is a system of linear equations whose unknown variables are φi. This system
is solved with a statistical approach that allows to keep into account the experimental
uncertainties affecting the parameters Rj and σij. In order to select only the physical
solutions of the problem, a Bayesian statistical model is defined using positive definite
probability distribution functions (PDF) as priors for φi. The solutions for φi variables
are determined by sampling the joint posterior PDF p(φi|Rj, σij), i.e. the probability
of all flux group intensities given the experimental data (and uncertainties) of activation
rates and effective cross sections. According to Bayes’ theorem, the posterior PDF is
proportional to the product of likelihoods and priors distributions. The experimental
data and uncertainties of Rj and σij are used to define Gaussian likelihoods, while positive
definite uniform distributions can be used as priors for φi. The JAGS tool [26] for Bayesian
analysis allows to define a statistical model of the problem and to sample the posterior
PDF using Markov Chains Monte Carlo (MCMC) simulations [27]. Once the posterior is
sampled, φi mean values and uncertainties are obtained from the marginalized distributions
of the joint PDF. Moreover, the correlations between the φi variables are directly computed
from the sampling of the joint PDF.
For as it is conceived, this technique requires a guess spectrum to calculate the σij
effective cross sections in each group of neutron energies. Therefore, the σij values and,
thus, the results of φi have some degree of dependence on the intra-group spectrum shape
used for σij calculation. However, we stress that the guess spectrum choice does not put
any constraint on the intensities of φi. Obviously, the more the groups are, the smaller will
be the dependence of the results on the guess spectrum. However, the number of groups
that can be used for a successful unfolding of the neutron flux spectrum is strictly related
to the properties of the cross sections of the activation reactions.
To better explain this, we refer to Fig. 1. In these plots, we show the cross sections of
the activation reactions used for the analysis presented in this paper. For visual purposes,
we renormalized each cross section so to make its maximum equal to 1. In this way, we
get an overview of the sensitivity of each reaction to neutrons of different energies. This
helps in defining the energy binning for the spectrum unfolding.
The general recipe for a good choice of binning is based on the following points: first,
we must ensure that there is at least one reaction produced in significant quantities by
neutrons belonging to each flux group; second, in order to avoid large correlations between
flux groups, we must not define more than one group in the energy regions where the cross
sections exhibit the same dependence as function of neutron energy. For example, if we
tried to split the flux of thermal neutrons in two groups, we would get fully anti-correlated
results, because in the thermal region all activation cross sections are proportional to v−1
(v being the velocity of the absorbed neutron).
4
Energy (MeV)
9−10 8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1 10
Cr
os
s 
se
ct
io
n 
(A
.U
.)
0
0.2
0.4
0.6
0.8
1
1.2 )γSc(n,45
)γMn(n,55
)γLu(n,176
)γCo(n,59
In114mIn(n,*)
In116mIn(n,*)115
Energy (MeV)
9−10 8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1 10
Cr
os
s 
se
ct
io
n 
(A
.U
.)
0
0.2
0.4
0.6
0.8
1
1.2 )γW(n,186
)γAu(n,197
)γNi(n,64
)γV(n,51
)γZr(n,96
)γMo(n,100
Energy (MeV)
0 20 40 60 80 100 120
Cr
os
s 
se
ct
io
n 
(A
.U
.)
0
0.2
0.4
0.6
0.8
1
1.2 Mg
27Al(n,p)27
Na24)αAl(n,27
Ni57Ni(n,*)nat
Co61Ni(n,*)nat
In113mIn(n,*)
In115mIn(n,n')115
Energy (MeV)
0 20 40 60 80 100 120
Cr
os
s 
se
ct
io
n 
(A
.U
.)
0
0.2
0.4
0.6
0.8
1
1.2 Mn56Fe(n,*)nat
Na24Mg(n,*)nat
Co58Co(n,2n)59
Co57Co(n,3n)59
Mn56)αCo(n,59
Energy (MeV)
0 20 40 60 80 100 120
Cr
os
s 
se
ct
io
n 
(A
.U
.)
0
0.2
0.4
0.6
0.8
1
1.2 Au194Au(n,4n)197
Au192Au(n,6n)197
Au191Au(n,7n)197
Au190Au(n,8n)197
Energy (MeV)
0 20 40 60 80 100 120
Cr
os
s 
se
ct
io
n 
(A
.U
.)
0
0.2
0.4
0.6
0.8
1
1.2 Bi206Bi(n,4n)209
Bi205Bi(n,5n)209
Bi204Bi(n,6n)209
Bi203Bi(n,7n)209
Bi202Bi(n,8n)209
Figure 1: Cross sections of the activation reactions used to unfold the neutron spectrum of ChipIr beam-
line. For visual purposes, we renormalized each cross section so to make its maximum equal to 1. We show
the (n, γ) reaction cross sections in the top pads, and the threshold reactions produced by fast neutrons
in the central and bottom pads.
Following this logic, in the region of epithermal and intermediate neutrons we define
energy bins that include at least one of the main resonances of the different activation
cross sections. In the region of fast neutrons, the binning choice is mainly driven by the
different energy thresholds of the observed reactions.
3. Experiment description
According to the methodology explained in the previous section, many different acti-
vation reactions must be measured to allow for a successful unfolding of the neutron flux
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spectrum in a wide energy range. For this purpose, we irradiated different activation foils
with certified purity and elemental composition [28, 29].
The list of the irradiated samples is reported in Tab. 1, together with the corresponding
weight, thickness and irradiation time. For each sample, we have previously evaluated the
expected activation rate for the reactions of interest and, depending on the half-life of the
isotopes, we tuned the irradiation time to obtain activities in the range that allows to give
detectable signals without issues related to radioprotection or excessive dead time during
γ-spectroscopy measurements.
We chose small-sized samples in order to avoid effects related to spatial un-uniformities
of the beam. Particularly, all the foils have a diameter of 1.27 cm (0.5 inch) except the
Bismuth ones (being squares with 2.5 cm side), to be compared with the ChipIr beam,
which is reported to be uniform within a 7×7 cm2 area. Moreover, in order to minimize
self-shielding effects thin foils were used. When self-shielding could not be avoided, a
Monte Carlo simulation was performed to calculate the correction to be accounted for the
beam attenuation inside the sample.
An ad-hoc holder, made by ABS plastic and aluminum, was used to keep the samples
in the centre of the ChipIr neutron beam at a distance of 10.5 meters from the spallation
target, see Fig. 2 (a–b). In designing the holder, great care was devoted in order to reduce
Sample Weight [g] Thickness [cm] tirr [s]
Sc 0.0469 0.0127 5560
Ni 0.2823 0.0254 51369
MnCu (Mn 83.1%) 0.0488 0.00508 1675
V 0.0433 0.00508 979
Zr 0.1112 0.0127 7536
Mo 0.0935 0.00762 3255
W 0.3191 0.0127 4515
Au Foil 1 0.128 0.00508 849
AlLu (Lu 5.2%) 0.0333 0.01016 45024
In 0.1272 0.0127 9305
Co Foil 1 0.0668 0.00508 9474
AlAu (Au 0.134%) 0.0457 0.0127 53699
Fe 0.1338 0.0127 5560
Bi Foil 1 12.579 0.2 51369
Mg 0.0305 0.0127 7536
Ti 0.1433 0.0254 45024
Au Foil 2 0.1267 0.00508 9305
Bi Foil 2 13.127 0.2 3579
Al 0.0429 0.0127 1622
Co Foil 2 0.0639 0.00508 53699
Table 1: List of the irradiated samples. The weight and the thickness of each sample is reported together
with the irradiation time, tirr. The samples above (below) the separation line at the center of the table
were irradiated in the front (rear) position of the holder. For Au, Co, and Bi, we irradiated two different
foils each, changing the irradiation time and/or the position to better detect the different activation
reactions.
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the total amount of material around the sample to minimize the neutron flux perturbation
due to neutron scattering from holder to samples. For a more efficient use of the available
beam time, the holder allows the simultaneous irradiation of two samples. While the front
position is suitable for all reaction types, the rear position can only be used to irradiate
foils dedicated to measure threshold reactions. Indeed, the fast neutron spectrum is not
significantly modified by the presence of a sample in the front position.
During the irradiation, we monitored the beam status by recording the current of the
accelerator and by directly measuring the interaction of neutrons in a diamond detector
installed behind the activation foils. This allows to calculate the net irradiation time and
to correctly estimate the activation rate in case of beam OFF for some time intervals.
After the neutron irradiation, the sample is placed in front of a fully characterized High
Purity Germanium (HPGe) detector to measure the activation spectrum. The detector,
(a) (b)
(c) (d)
Figure 2: Experimental set-up used for foil irradiations: the sample irradiation holder, placed in the centre
of the ChipIr beamline (a) with two samples on it (b). The HPGe detector housed in a lead shielding (c)
and its description in the MC simulation model used to evaluate its efficiency (d).
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also employed for the measurements of the spectral gamma background components at
ISIS beamlines [30, 31, 32], is a coaxial HPGe (GMX series by ORTEC) with carbon
endcap and relative efficiency of 40%, and was housed in a lead shielding to limit the
background Fig. 2 c.
In most cases, especially when several isotopes with different half-lives were produced,
we measured the samples a few times (usually, two or three). The first measurements after
irradiation are needed to detect the γ-rays of isotopes with relatively short half-life, while
measurements after the decay of short lived isotopes allow higher sensitivity to isotopes
with lower activity and longer decay time.
4. Data analysis and results
The data analysis to obtain the measurement of the neutron flux and its spectrum
consists of two main steps. First, we analyze the measured spectra of the γ-rays emitted
by the irradiated samples to evaluate the activity of the produced radioisotopes and,
from this, the corresponding activation rates. Second, we use the data of the measured
activation rates to unfold the neutron spectrum according to the method described in
Sect. 2.
4.1. Analysis of gamma spectroscopy measurements
Given the number of counts (ncounts) in a γ-line, it is possible to estimate the number
of decays (ndec) occurred during the measurement –and thus the absolute activity– if the
intensity of the γ-line (Iγ) and the detection efficiency () are known.
ncounts = Iγ  ndec
The product Iγ  represents, for each γ-line, the probability that, given a decay in the
sample, an event is recorded in the full-energy peak. To evaluate this probability for
each γ-line, we exploit Monte Carlo (MC) simulations based on Geant4 toolkit [33].
Simulations generate the decay of different radioisotopes and record the energy depositions
in the detector. The model includes detailed geometries and materials of samples and
detector (Fig. 2 d). This MC tool provides a simulated energy spectrum, after generating
a given number of decays (nmcdec) in the source volume. In this way we can evaluate the
detection probability as
Iγ  =
nmccounts
nmcdec
where nmccounts is the number of counts in the full-energy peak of the simulated spectrum.
Measurements with certified activity calibration have been performed to validate the
accuracy of the MC model. The compatibility between measurements and simulations
remain within the 5% for all γ-lines. This result is in agreement with what has been
obtained in other activation analyses [23, 24] and provides an estimate of the systematic
uncertainty affecting the absolute activity measurements with this method.
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Figure 3: Examples of experimental γ-spectra measured by the HPGe after the activation of bismuth and
cobalt foils.
For each experimental spectrum, we estimate the net number of counts in the peaks,
subtracting the background events. Particularly, we fit the γ-lines with Gaussian functions
and the background with second degree polynomials. The same fit procedure is applied
to both the experimental and the MC spectra.
The analysis of the experimental spectra begins with the identification of the isotopes
that emit the observed γ-lines. This is done using the tabulated energies for each isotope.
Fig. 3 shows two examples of spectra recorded with the HPGe detector after the activation
of bismuth and cobalt foils. The plots on the right are expanded views of two portions of
these spectra, with labels indicating the isotopes that produce some of the γ-lines.
As shown in these examples, in some cases the spectra exhibit many γ-lines that can
overlap. A failure to identify an overlap of peaks generated by two different isotopes would
lead to a wrong estimate of the corresponding activities. To avoid this kind of mistake,
we cross check the lists of the γ-rays emitted by the isotopes that are expected to be
produced in the foil. Moreover, we exploit MC simulations to carry out a comparative
analysis of the relative intensities of the peaks emitted by the same isotope. Indeed, in
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the absence of overlaps with γ-lines emitted by other isotopes, we expect to observe the
same relative intensities of peaks in the experimental and MC spectra. When we find an
overlap of peaks that cannot be separated, we finally decide to reject their data, in order
to avoid systematic errors.
4.2. Activation Rate Evaluation
For each observed γ-line, we evaluate the absolute activity of the emitting isotope at
the beginning of the spectroscopy measurement:
A =
ndecλ
(1− e−λtmeas) =
ncountsλ
(1− e−λtmeas)Iγ 
where tmeas is the measurement livetime.
When more than one γ-line is available for the same radioisotope, we expect to obtain
activity evaluations compatible within the statistical uncertainty. The plots in Fig. 4 show
two examples in which we observed several γ-lines emitted by the same isotopes: 192Au
and 203Bi, respectively. In general, as shown in these examples, there is good agreement
between the activity evaluations from the data of each peak, proving that our methodology
is robust. To get the best estimate of the activity, we compute the weighted average of
the results obtained from the data of each peak. Then, to quantify the agreement between
the activities calculated from each peak, we perform a χ2 test. In some cases, such as that
of 203Bi in Fig. 4, the ratio between the χ2 and the number of degrees of freedom (ndf)
is greater than 1, meaning that there is some additional uncertainty affecting the data.
Possible source of error can be related, for example, to the evaluation of ncounts through
the fit or to the MC simulations of the isotope decays. In those cases, we increase the
uncertainty associated to the weighted average by a factor given by
√
χ2/ndf, according
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Figure 4: Activity of 192Au and 203Bi measured with γ-lines of different energies. The round (blue) points
are the activities calculated from the data of each peak, separately. The squared (green) point is the
weighted average of the activities. The dotted (red) horizontal lines are used to represent the ±2σ global
systematic uncertainty due to efficiency evaluation with MC simulations.
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to the prescription of the Particle Data Group [34].
As described in Sect. 3, almost all the activated foils were measured more than once.
In many cases, we observe the peaks of the same isotopes in spectroscopy measurements
done at different times. To compare the activities evaluated from these measurements, we
choose a common reference time and we calculate:
A0 =
A
e−λtwait
where twait is the time elapsed between the end of the irradiation and the beginning of the
measurement. After checking the statistical compatibility of the resulting activities, we
calculate their weighted average.
Finally, we use our best estimates of A0 to calculate the activation rates of the isotopes:
R =
A0
1− e−λtirr
where tirr is the irradiation time.
In some cases, we irradiated various foils containing the same elements and we ob-
served the same activation reactions. This allows us to compare the results obtained from
Reaction Act.Rate/m (s−1g−1) Reaction Act.Rate/m (s−1g−1)
45Sc(n,γ) (1.33± 0.07)× 105 59Co(n,2n)58Co (4.99± 0.29)× 103
51V(n,γ) (1.73± 0.12)× 104 59Co(n,3n)57Co (2.98± 0.18)× 103
55Mn(n,γ) (5.23± 0.28)× 104 59Co(n,α)56Mn (4.91± 0.27)× 102
59Co(n,γ) (1.72± 0.10)× 105 natNi(n,*)57Ni (1.03± 0.05)× 103
64Ni(n,γ) (6.27± 0.73)× 101 natNi(n,*)61Co (1.48± 0.08)× 102
96Zr(n,γ) (1.08± 0.09)× 102 natIn(n,*)113mIn (2.66± 0.19)× 102
100Mo(n,γ) (2.31± 0.15)× 102 115In(n,n’)115mIn (9.06± 0.47)× 102
natIn(n,*)114mIn (8.73± 0.49)× 103 197Au(n,4n)194Au (2.18± 0.11)× 103
115In(n,γ)116mIn (4.80± 0.24)× 105 197Au(n,6n)192Au (1.65± 0.08)× 103
176Lu(n,γ) (1.25± 0.08)× 105 197Au(n,7n)191Au (1.18± 0.07)× 103
186W(n,γ) (3.23± 0.17)× 104 197Au(n,8n)190Au (5.16± 0.33)× 102
Au: 197Au(n,γ) (1.82± 0.12)× 105 209Bi(n,4n)206Bi (2.15± 0.11)× 103
Al-Au: 197Au(n,γ) (4.40± 0.24)× 105 209Bi(n,5n)205Bi (1.91± 0.11)× 103
natMg(n,*)24Na (2.43± 0.15)× 103 209Bi(n,6n)204Bi (1.38± 0.08)× 103
27Al(n,p)27Mg (1.23± 0.10)× 103 209Bi(n,7n)203Bi (1.17± 0.07)× 103
27Al(n,α)24Na (2.22± 0.11)× 103 209Bi(n,8n)202Bi (9.27± 0.66)× 102
natFe(n,*)56Mn (6.94± 0.42)× 102
Table 2: Complete list of the measured activation rates per unit mass on ChipIr. The 197Au(n,γ) reaction
was measured with both pure Au and Al-Au alloy foils, obtaining very different activation rates due to
the non negligible self-shielding effect in the pure Au sample.
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independent measurements performed in the same experimental conditions. For a direct
comparison of the results, we divide the activation rate by the mass of the target element
in the foil. Again, we obtain a very good agreement of the results, confirming the reliability
of the experimental measurements and of the data analysis.
The list of the observed reactions with the corresponding activation rates per unit mass
is reported in Tab. 2. The uncertainties presented here include the aforementioned 5%
systematic uncertainty related to the absolute estimate of activity based on the MC model
of gamma spectroscopy measurements.
4.3. Neutron flux spectrum unfolding
In the second step of the analysis, we perform the neutron flux spectrum unfolding
with the method presented in Sect. 2, using the experimental data in Tab. 2.
Using the criteria discussed above, we identified a good choice for the energy binning
(see first column of Tab. 3). We define 13 flux groups: 6 groups in the region below 1 keV,
6 groups above 1 MeV and one group to cover the range between 1 keV and 1 MeV. The
latter flux group does not have strong experimental signatures, like large resonances or
thresholds of the cross sections, that would allow to define more flux groups.
A particular case is the range from 100 MeV to 700 MeV (corresponding to the last
bin). Cross section data available in literature for the activation reactions with thresholds
above 100 MeV are extremely poor and affected by large uncertainties. However, according
Group Energy range (MeV) Reference unfolding Minimal unfolding
number Min Max Flux (105cm−2s−1) Flux (105cm−2s−1)
1 10−9 4× 10−8 1.12± 0.16 (15%) 1.13± 0.15 (13%)
2 4× 10−8 5× 10−7 2.90± 0.38 (13%) 2.90± 0.33 (11%)
3 5× 10−7 3× 10−6 1.11± 0.16 (14%) 1.10± 0.14 (13%)
4 3× 10−6 10−5 0.77± 0.06 (7% ) 0.77± 0.06 (7% )
5 10−5 10−4 2.30± 0.23 (10%) 2.27± 0.19 (8% )
6 10−4 10−3 2.46± 0.22 (9% ) 2.46± 0.21 (9% )
7 10−3 1 4.15± 1.58 (38%) 4.10± 1.45 (35%)
8 1 10 3.88± 0.95 (24%) 3.62± 0.33 (9% )
9 10 20 3.16± 0.81 (26%) 3.31± 0.26 (8% )
10 20 40 4.76± 1.31 (28%) 5.09± 0.31 (6% )
11 40 60 4.93± 1.97 (40%) 5.46± 0.33 (6% )
12 60 100 7.03± 1.35 (19%) 6.08± 0.23 (4% )
13 100 700 34.2± 6.6 (19%) 29.6± 1.1 (4% )
Total 72.8± 6.8 (9%) 67.8± 1.8 (3%)
Table 3: Results of the neutron flux intensity in the different energy groups used to unfold the spectrum.
The uncertainties are only statistical ones (we report the corresponding relative uncertainties in brackets).
In the second column we show the results of the reference unfolding, where cross section uncertainties are
propagated to the results. In the third column we report the results of the minimal unfolding, that does
not include cross section uncertainties.
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to independent measurements and simulations reported in literature [35], we know that
the neutron flux generated by a spallation source like ISIS is characterized by a decreasing
spectrum above ∼ 100 MeV. This allows to set specific constraints to the flux intensity
in the last bin. Therefore, the last group is not a free parameter of the analysis, but it is
constrained to have an intensity such that the spectrum is connected with continuity at
100 MeV and then decreases.
In order to unfold the neutron spectrum, as explained in Sect. 2, we must choose intra-
group spectrum shapes to calculate the effective cross sections in each energy bin. As
a starting point, we use a spectrum shape proportional to E−1 for all groups with two
exceptions: the first bin and the bins in the range [1–100] MeV, for which we use constant
spectrum shapes. A detailed analysis about the systematic uncertainties related to the
choice of the intra-group spectrum shapes and of the constraint for the last group of flux
is presented in Sect. 4.5.
First of all, we present the results of what we call reference unfolding (in Tab. 3, second
column). This is based on a statistical model that includes the uncertainties of the cross
sections, so they are propagated to the flux results. In this model, the cross sections are
free to vary within their uncertainties to better fit the activation rate data when combined
with the evaluations of the flux groups. When needed, self-shielding correction factors
are applied to the effective cross sections. These factors are estimated by comparing the
results of MCNP [36] simulations in which the density of the foils is varied from the real
value to an extremely small value, for which self-shielding is negligible.
In Fig. 5 we present the unfolded neutron flux spectrum. In this plot, the points are
the dφ/dE values calculated at the center of each bin using the results of the reference
unfolding, while the stripe that connects the points represents the statistical uncertainty
affecting the flux results in the bins used to unfold the neutron spectrum.
The correlation matrix of the results obtained for the group of fluxes is shown in Fig. 6.
For the most part, the results are not correlated or only weakly correlated. However in
some cases, there are pairs of groups that exhibit negative correlation. In particular, we
observe anti-correlation for the following pairs of adjacent groups: 1–2, 6–7, 8–9, 9–10,
and 11–12. This feature is quite usual when spectra are unfolded with this technique;
the sum of the flux in two adjacent groups is determined with better precision than the
flux in the two separate groups. The analysis of the correlations shows that the energy
binning we chose is a good compromise that allows to obtain, at the same time, a detailed
description of the neutron spectrum and limited correlations between the groups.
The results obtained with the reference unfolding feature a good precision in the ther-
mal and epithermal range up to 1 keV, while are affected by higher uncertainty in the
region of fast neutrons. This is mainly due to the fact that the cross sections of the
threshold reactions used to unfold the spectrum of fast neutrons are affected by larger
uncertainties than the cross sections of the (n,γ) reactions.
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4.4. Impact of cross section uncertainties
In this analysis, effective cross sections are evaluated from the following libraries:
Endf/b-vii.1 [37] for neutron capture (n,γ) reactions and Tendl-2015 [38] for the
threshold reactions. This choice is due to the fact that the Tendl-2015 library, unlike
the Endf/b-vii.1, provides cross section evaluations up to 200 MeV for all the threshold
reactions we measured in this experiment. In the absence of cross section data above
200 MeV, we perform a linear extrapolation up to 700 MeV. Since in the energy region
above 100 MeV the cross sections of observed reactions are relatively low and the neutron
flux has a decreasing spectrum, we can conclude that this assumption does not significantly
affect the final results.
The uncertainties on neutron capture cross section are taken from the BNL-98403-
2012-JA Report [39], that includes a complete list of uncertainties for both thermal cross
sections and resonance integrals, based on the Low Fidelity Covariance Project [40]. For
threshold reactions, we use the uncertainty evaluations provided by the Tendl-2015
library itself. When the uncertainty estimate is not available for some reaction (this
happens especially for the (n,xn) reactions involving the emission of many neutrons), we
assume 30% uncertainty, which corresponds to the relative uncertainty quoted for similar
reactions.
To study the impact of the cross section uncertainties on the results, we perform a new
unfolding, that we will call minimal, in which we fix the cross sections to their central
values. In this way, we get an estimate of the precision that we could reach with this
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Figure 5: The ChipIr neutron flux energy spectrum resulting from the reference unfolding.
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Figure 6: Matrix of the correlations between energy groups for the reference unfolding result.
unfolding technique if the cross section data were known with negligible uncertainties.
The results of the minimal unfolding are reported in the last column of Tab. 3 and prove
that most part of the statistical uncertainty evaluated in the reference unfolding for the
flux groups above 1 MeV is due to the propagation of the cross section uncertainties.
The minimal unfolding is also useful to perform an important a posteriori check on the
reconstruction of the activation rate data. In this case the cross sections are constrained
to the central values reported in literature and can be combined with the resulting flux
groups to calculate the activation rates of all the reactions used for the unfolding. The
plots in Fig. 7 show the comparison of the experimental activation rates with the ones
reconstructed after the minimal unfolding. Taking into account that in this analysis we
are not including the cross section uncertainties, that can reach up to 30% for the threshold
reactions, we can conclude that the reconstructed activation rates are fully compatible with
the measured ones. This result demonstrates that there is no tension between the input
data of activation rates and the unfolded neutron flux spectrum.
4.5. Analysis of systematic uncertainties
Here we present the analysis of the systematic uncertainties related to the intra-group
spectrum shapes used to calculate the effective cross sections. For this purpose, we repeat
the unfolding analysis using different spectral shapes in each energy bin. To identify
reasonable shapes to be tested, we take as a benchmark the result of the reference unfolding
presented in Fig. 5 and we vary the guess spectrum compatibly with the general trend
observed in the different energy regions by connecting the points of the flux groups.
Particularly, we perform the following tests of systematics:
• For the thermal flux in the first bin, we repeat the unfolding with guess spectra
proportional to E−0.5 and E0.5, instead of constant;
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to the ones reconstructed after the minimal unfolding.
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• For the flux between 4× 10−8 and 1 MeV, instead of using a shape proportional to
E−1, we test guess spectra proportional to E−0.7 and E−1.3;
• For the fast flux between 1 and 100 MeV, we modify the constant flux used in the
reference unfolding into guess spectra proportional to E−0.5 and E0.5, respectively;
• For the last bin, whose intensity was previously constrained to the integral subtended
by a spectrum decreasing as E−1 and connected with continuity at 100 MeV, we test
different shapes and we calculate the corresponding subtended integrals to be used
as constraints. In detail, the spectral shapes used for this test are: flux linearly
decreasing to zero at E = 700 MeV; flux ∝ E−2; flux constant up to 200 MeV and
then ∝ E−1; flux ∝ E−1 starting from 50 MeV (instead of 100 MeV used in the
reference unfolding);
• Finally, we unfold the neutron spectrum using as a guess the analytic fit of the
atmospheric spectrum [41] for energies in the range 100 keV–700 MeV; this test is
also repeated using the atmospheric guess spectrum only for E > 1 MeV.
In order to get an approximate evaluation of the systematic uncertainty affecting the
reference unfolding, we analyze the results of all these tests to find the minimum and
maximum values of each flux group.
In Fig. 8, we summarize the results of the systematic uncertainty analysis: the black
points represent the results of the reference unfolding, with the error bars correspond-
ing to the statistical uncertainties; the colored bands are used instead to highlight the
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Figure 8: Flux intensity for each energy group. Error bars are statistical uncertainties; the colored bands
are the ranges obtained in the tests of systematics (using different guess spectra). The intensity of the
flux in the last group was divided by 10 for visual purposes.
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range between the minimum and the maximum flux estimates obtained in the tests of
systematics.
This analysis shows that the reference unfolding results are affected by significant
systematic uncertainties only in the energy range from 1 keV to 1 MeV, corresponding
to the 7th flux group. This is not a surprising result since, as previously discussed, the
experimental data used to unfold the neutron spectrum do not contain specific signatures
to precisely determine the flux in this energy region. In all the other bins of the spectrum,
the systematic uncertainties are not much larger than the statistical ones, and in many
bins are even lower.
This analysis proves that the method used to unfold the neutron spectrum allows to
determine the results practically independently of the choice of the intra-group spectrum
shapes, if the experimental data include specific signatures for each bin.
Finally, in Tab. 4, we summarize the results of the neutron flux measurement at ChipIr
beamline subdividing the spectrum in 4 macro-groups:
• thermal neutrons with E < 0.5eV;
• epithermal neutrons in the range [0.5–100]eV;
• intermediate and fast neutrons in the range [0.1 keV–10 MeV];
• very fast neutrons with E > 10MeV;
Each macro-group is the sum of two or more groups defined in the reference unfolding
and its intensity is obtained by summing the corresponding results taking into account
the correlations between groups. In this table we also provide a range of systematic
uncertainty to be associated to each macro-group. This range is obtained using the results
of the unfolding tests presented in this section and, when combined with the statistical
uncertainties, allows to get a general picture of the accuracy we could reach for the neutron
flux measurement in the different regions of the spectrum.
Macro group Reference unfolding Range of systematics:
energy range (MeV) flux (106cm−2s−1) min – max flux (106cm−2s−1)
10−9 – 5× 10−7 0.40 ± 0.03 0.38 – 0.43
5× 10−7 – 10−4 0.42 ± 0.03 0.40 – 0.45
10−4 – 10 1.05 ± 0.17 0.95 – 1.67
10 – 700 5.4 ± 0.7 4.2 – 6.3
Total 7.3 ± 0.7 5.9 – 8.9
Table 4: Results of neutron flux measurement at ChipIr with the spectrum subdivided in 4 macro-groups.
The results from the reference unfolding are shown in column 2. The range of systematic uncertainty
reported in the last column is obtained by taking the minimum and the maximum value of each macro-
group from the tests with different guess spectra.
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5. Conclusion
The neutron flux of ChipIr, a new fast neutron beamline at the ISIS spallation source,
has been measured using multi-foil activation analysis. The method, described in this
paper, uses a large selection of activation reactions to cover the wide energy range and to
allow the unfolding of the neutron spectrum.
A particular attention has been paid to determine the uncertainties, and it is shown that,
for the fast neutron part, the main role is played by uncertainties on the tabulated cross
sections.
The method and results are of general interest for the characterization of beamlines at
advanced neutron sources.
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